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ABSTRACT The process of learning requires morphological changes in the neuronal connections and the formation 
of new synapses. Due to the importance of memory and learning in our species, it has been suggested that the synaptic 
plasticity in a number of association areas is higher in the human brain than in other primates. Cortical neurons in 
mammals are characterized by higher metabolism, activity, and synaptic plasticity during development and the juvenile 
stage than in the adult. In Homo sapiens, brain development is retarded compared with other primates, especially in 
some association areas. These areas are characterized by the presence of neurons, which remain structurally immature 
throughout their lifespans and show an increase in the expression of the genes, which deal with metabolism and the ac- 
tivity and synaptic plasticity in adulthood. The retention of juvenile features in some adult neurons in our species has 
occurred in areas, which are related to episodic memory, planning, and social navigation. The increase of the aerobic 
metabolism in these neurons may lead, however, to higher levels of oxidative stress, therefore, favoring the develop- 
ment of neurodegenerative diseases which are exclusive, or almost exclusive, to humans, such as Alzheimer’s disease. 
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INTRODUCTION 


Pedomorphic traits can be seen in the case of the phe- 
nomenon of progenesis, or the interruption of ontogeny 
due to premature sexual maturation or, more frequently, 
when the phenomenon of neoteny occurs as the result of 
prolonged or delayed development. The term neoteny was 
first used by Kollmann (1905) to describe the preservation 
of juvenile characteristics in adulthood (Gould, 1977). 
Neoteny may be an important factor in human evolution 
given that the retention of the fetal growth rate and the 
prolongation of the stages of development can lead to 
hypermorphosis and may have caused the increase in 
brain size that characterizes the evolution of the genus 
Homo. Bolk (1926) was the first to characterize Homo 
sapiens as a primate that managed to develop to sexual 
maturity despite permanently retaining numerous fetal 
or pedomorphic characteristics, among which he cited the 
flat face, the scarcity of body hair, the round head, the ab- 
sence of the cranial superciliary arch, and sagittal crest, 
the increase in brain size and the prolonged period of 
growth and infant dependency. This view gained support 
of a number of paleoanthropologists, as in the case of Mon- 
tagu (1962). This point of view was also strongly sup- 
ported by Gould (1977) who proposed that neoteny could 
explain the evolution of H. sapiens, not only because of the 
retention of numerous pedomorphic characteristics but 
also because of the general temporal deceleration in our 
development that characterized our evolution. Retarded 
development may have caused the long childhood, late 
maturation, and large brain characteristic of H. sapiens. 
A longer period of fetal growth would result in the higher 
number of cortical neurons that characterize the human 
brain and would also increase neuronal complexity 
because it would allow for more complex dendritic and 
synaptic growth and more numerous connections between 
neurons (Parker and McKinney, 1999). Cognitive capaci- 
ties seem to be related to cortical size and complexity, 
which in the case of a hyperdeveloped brain like that of 
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humans, would give rise to more complex mental con- 
structions, improving cognitive capacity (Gibson, 1990). 

However, despite the similarity between young great 
apes and adult humans, a number of articles have sug- 
gested that Bolk’s theses are unsustainable, because their 
authors did not consider the adaptive factors that could 
have influenced the retention of these juvenile traits. In 
contrast, the evolution of human traits seems to have 
occurred in a mosaic way, since the evolutionary direction 
of every trait is determined by natural selection, and the 
capacity for independent variation in each trait is enor- 
mous. Therefore, both “pedomorphic” and “peramorphic” 
processes seem to have been involved in human evolution 
(Leigh and Park, 1998; Leigh and Shea, 1996; McKinney 
and McNamara, 1991; Shea, 1989; Thompson et al., 2003). 
In contrast, the evolution of the human lineage seems to 
be characterized by a number of derived characters deal- 
ing with life-history, such as slow maturation, long-life 
spans and slow aging, postmenopausal longevity, and age 
of weaning (Hawkes, 2006; Robson and Wood, 2008). 
Among them, slow maturation appears as one of the 
derived features that could explain the apparent 
“neoteny” of some specific traits in the human lineage, 
particularly in the case of cerebral growth (Hawkes, 
2006). 

The rate and period of cerebral growth in mammals are 
related to the life history of each individual species. 
Among mammals, primates have the longest life histories: 
they mature more slowly and for prolonged periods, they 
have lower birth rates after long gestation periods, they 
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tend to produce single offspring, and they have long-life 
expectancies as adults (Hawkes, 2006). There is great di- 
versity in the cerebral growth patterns of the different 
species of primates. Variations in growth rate and the du- 
ration of cerebral growth lead to diversity in the size of 
the adult brain. The variations in brain size that occur 
during the postnatal period seem to be more related to cer- 
ebral growth rates than to time lapses in cerebral growth, 
which seem to play a secondary role (Leigh, 2004). The pe- 
riod of growth of the human brain, however, seems to be 
significantly longer than the period of growth of a chim- 
panzee’s brain. The human brain reaches 95% of its adult 
size between 7 and 11 years of age and completes the final 
5% of growth in a period of time nearly as long as that 
required for the initial 95%. Cerebral growth in H. sapiens 
occurs over approximately the first decade and a half of 
life after conception (Caviness et al., 1996). The brain of a 
chimpanzee reaches adult size at the age of 5 years 
(Bogin, 2006). The rate of brain growth in humans in the 
postnatal period is also much higher than the rate of cere- 
bral growth in chimpanzees, at least in absolute terms 
(Leigh, 2004). A large brain is achieved either through the 
extension of the cerebral growth period or through an 
increased rate of cerebral growth, or both of these (Robson 
and Wood, 2008; Vinicius, 2005). In humans, both a pro- 
longed growth period and an increased growth rate occur. 
The prolongation of the cerebral growth period and fetal 
growth rates during infancy and childhood explains the 
large brain size in H. sapiens (Bogin, 2006). 

In humans, the period of fastest cerebral growth occurs 
during infancy and childhood. In the juvenile period, 
between 7 and 12 years old, cerebral growth and body 
growth slow down (Bogin, 2006). According to Bogin, this 
provides reproductive advantages for the mother. In child- 
hood, the human brain is able to grow, in part, due to the 
slow rate of growth of the body. The low rate of body 
growth and small body size may alleviate competition 
with adults for food, which allows human infants to have 
a shorter suckling period. A short-suckling period means 
members of the group other than the mother can provide 
food and care for children. This allows mothers to shorten 
intervals between pregnancies, thereby increasing repro- 
ductive output and providing reproductive advantages for 
the mother and siblings of the child. A secondary benefit 
of reduced corporal growth would be an increase in the 
cerebral growth rate and brain size, which together with 
an extended period of development, would lead to 
increased cognitive capacity as well as an increased 
capacity for learning and social conduct among our prede- 
cessors (Bogin, 2006; Robson et al., 2006). 

According to de Beer (1951), the deceleration of develop- 
ment, such as that seen in primates and especially in 
humans, had to be accompanied by the prolonged reten- 
tion of tissues with preserve embryonic characteristics, 
which would be susceptible to modifications at relatively 
late ages. Jacobson (1977; cited in Gould) suggested that 
“neuronal neoteny had occurred in human beings. During 
ontogeny, individual neurons develop highly specific syn- 
aptic connections. In early stages, these connections are 
modifiable. This flexible period occurs at different times 
for different types of neurons.” According to this opinion, 
“human development is so intensely delayed that even 
adults may retain sufficient flexibility to hold on to the 
adaptive animal state dependent on learning. During on- 
togeny, there is a progressive reduction in the capacity to 


American Journal of Human Biology 


E. BUFILL ET AL. 


form new neuronal connections and to modify existing 
connections. This reduction occurs at different times in 
different types of neurons. Those that are generated late 
in ontogeny and those that mature slowly could retain a 
higher degree of modifiability in the adult. A high degree 
of modifiability of neuronal connections in the adult would 
imply the continuation of development processes in later 
stages of the lifecycle.” The higher capacity for modifica- 
tion of these neuronal connections might explain, in part, 
how the functional superiority of the human brain has 
been achieved without a comparable increase in the infor- 
mational content of the genome of our species. Similar to 
King and Wilson, Jacobson believed that the decisive dif- 
ferences that distinguish us from the chimpanzee 
occurred due to genetic changes in few regulating systems 
(King and Wilson, 1975). 

The development of the human brain does not stop 
when it reaches adult size. As will be described later, syn- 
aptic reorganization continues throughout development 
and cerebral myelinization continues into the third or 
fourth decade of life (Yakovlev and Lecours, 1967). The 
adult human brain uses between 20 and 25% of its meta- 
bolic energy at rest, while apes use between 11 and 13% 
and other mammals use between 2 and 8% (Bogin, 2006; 
Mink et al., 1981). The elevated metabolic cost of the 
human brain may be due solely to its large size, which 
involves having longer axons and a greater number of con- 
nections. However, as described in the following sections, 
there is evidence that in certain areas of the human cere- 
bral cortex an increase in neuronal activity as well as 
increased synaptic activity and plasticity have occurred, 
which may partially explain the increase in cerebral me- 
tabolism in our species. As described below, increased-syn- 
aptic plasticity and elevated neuronal metabolism are 
characteristics of the brains of children and juveniles. So, 
in humans, certain cortical neurons may have retained ju- 
venile characteristics into adulthood. 

In mammals, most learning takes place at an early age. 
Learning requires modifications in the neuronal contacts, 
such as synaptic remodeling and the formation of new 
synapses, which seem to be more easily generated during 
infancy and childhood. Because H. sapiens depend on the 
transmission of culture through language, learning and 
memory have taken on greater importance in our species 
than in other mammals. Therefore, the possibility that 
the human neurons involved in learning retain juvenile 
characteristics in adulthood cannot be ignored. 


ANATOMICAL AND FUNCTIONAL CHANGES DURING 
CEREBRAL DEVELOPMENT IN MAMMALS 


In the brains of mammals, significant histological 
changes take place during the period of postnatal develop- 
ment. These changes are characterized by a transitory ini- 
tial overproduction of synapses and neurotransmitters, 
followed by the gradual elimination of excess connections 
(Rakic et al., 1986). Synaptogenesis in the human cerebral 
cortex seems to be heterochronic, while synaptogenesis 
increases rapidly in the postnatal period in the primary 
auditory and visual cortex, in the prefrontal cortex synap- 
togenesis, and dendritic development occur at much 
slower pace. Therefore, in humans, cortical development 
occurs differently in different regions, including the tim- 
ing of maximum growth and myelinization. However, in 
Rhesus macaques, the period of synaptogenesis is not only 
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much shorter than in humans but also occurs similarly in 
all cortical areas. In both species, postnatal synaptogene- 
sis is followed by a plateau in childhood, in which, synap- 
tic density is significantly higher than in adulthood (Hut- 
tenlocher and Dabholkar, 1997). 

Changes in local metabolic rates of glucose (LCMR glc) 
during development have been documented in the brains 
of humans, macaques, rodents, cats, dogs, and sheep by 
means of 2-deoxy-2(18F)fluoro-p-glucose (FDG) and posi- 
tron emission tomography (Chugani et al., 1987). In cats, 
a positive relationship has been found between LCMR glc 
and synaptogenesis, or the formation of new synapses, 
during postnatal development. A positive correlation has 
also been found between the metabolic maturation of sev- 
eral neuroanatomical regions and the emergence of con- 
ducts mediated by those specific regions (Jacobs et al., 
1995). Cats have very low LCMR glc levels during the first 
15 days after birth, after which, these levels begin to 
increase until reaching adult values at 60 days. Increases 
occur again at 90 and 120 days. LCMR glc levels reach 
their peak at 180 days and then begin to progressively 
decrease until they reach adult values (Chugani, 1999). 

Changes in metabolic rates of glucose during brain de- 
velopment do not seem to be related to myelination. In 
macaques, all cerebral areas contain myelin at 3-6 
months after birth, although myelination does not reach 
adult values until 3-5 years of age, which is not related to 
the metabolism of cerebral glucose. The histological evi- 
dence indicates that, in Rhesus monkeys neocortical syn- 
aptic density increases rapidly during the last 2 months of 
gestation, and reach levels 30-50% higher than adult lev- 
els at 2-4 months after birth. These levels are maintained 
until 3 years of age at which point they begin to gradually 
decrease throughout the remainder of the lifecycle, which 
in this species lasts a little more than 20 years (Boothe 
et al., 1979; Lidow et al., 1991; Rakic et al., 1986; Zecevic 
et al., 1989; Zecevic and Rakic, 1991). 

Levels of local metabolism of glucose in the macaque are 
low at birth and progressively increase until the end of 
the second month after birth; they then remain stable 
between the ages of 2 and 6 months and subsequently 
begin to decline, reaching adult values at 3 years of age. 
Glucose metabolism reaches a plateau between 2 and 6 
months, which seems to reflect the massive remodeling of 
dendrites that follow the overproduction of synapses. In 
this period, a higher level of metabolic, histological, and 
behavioral activity takes place in the developing macaque. 
Elevated values of LCMR glc seem to indicate periods of 
elevated neuroplasticity (Jacobs et al., 1995; Moore et al., 
2000). 

There relationship has been proved between synapto- 
genesis, dendritic reorganization, and LCMR glc in 
humans. In H. sapiens, local metabolism of glucose begins 
to increase at between 1 and 2 years of age, coinciding 
with the increase in synaptic density and the growth in 
dendritic length, which reach their maximum levels at 
between 8 and 10 years of age. In the human striate cor- 
tex, synaptic density reaches 60% higher than adult levels 
at between 8 months and 1 year of age, whereas in the 
frontal cortex, synaptic density reaches 50% higher than 
adult levels at between 1 and 2 years of age. After synap- 
tic density reaches its peak, dendritic growth continues 
for several more years. Maximum dendritic length is 
reached in humans at between 8 and 10 years of age (Hut- 
tenlocher, 1979; Huttenlocher et al., 1982; Huttenlocher 
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and de Courten, 1987; Jacobs and Scheibel, 1993; Mrzijak 
et al., 1990; Schade and van Groenigen, 1961). The pla- 
teau for cerebral glucose metabolism occurs in humans at 
between 4 and 9-10 years of age (Jacobs et al., 1995). Neu- 
ronal maturation, therefore, seems to take place more 
slowly in humans than in other mammals. 

At birth, local rates of glucose use (LCMR glc) in 
humans are 30% lower than those of a normal young 
adult. In newborn humans, the highest metabolism rates 
of glucose are seen in the somatosensorial and somatomo- 
tor cortices, thalamus, brain stem, and cerebellar vermis. 
The rest of the cerebral cortex exhibits very low levels of 
glucose metabolism (Chugani, 1999). Between birth and 4 
years of age, a pronounced increase in LCMR glc occurs in 
the human cerebral cortex, reaching levels twice as high 
as those of adults. These changes are only found in corti- 
cal areas and do not occur in the brain stem, thalamus, or 
basal ganglia. Between 4 and 9-10 years of age, the 
human cerebral cortex continues to register a LCMR glc 
that is twice as high as that of an adult. At about 9-10 
years of age, cortical LCMR glc begins to decline reaching 
adult levels between 16 and 18 years of age (Chugani, 
1998). 

The maximum period of synaptogenesis seems to be 
much longer in humans than in other mammals and the 
human brain undergoes a prolonged period of develop- 
ment before reaching the adult state. In absolute terms, 
the period of maximum synaptogenesis seems to be much 
longer in humans than in the nonhuman primates studied 
to date, such as macaques. In macaques, the maximum 
LCMR glc value begins to decline long before puberty, 
while in humans this decrease begins shortly before the 
onset of puberty. On the other hand, the cerebral cortices 
of children are characterized by increased neuronal me- 
tabolism and synaptic activity and plasticity compared 
with those of adults. 

The duration of the stages of brain cortical development 
can vary from individual to individual in the human spe- 
cies. Both the duration of the stages of development and 
the thickness that the cerebral cortex reaches, which 
reflects the density of neuronal extensions and synaptic 
connections, seem to a certain extent to be related to intel- 
ligence. Intelligence has also been associated with the 
capacity for neuroplasticity in the adult. In a group of sub- 
jects with an average intelligence quotient (IQ) (74-108, 
average 100), maximum frontal—-cortical thickness was 
reached at 7 years of age, whereas in a group with a high 
IQ (121-149, average 128), maximum frontal—cortical 
thickness was reached at 11 years of age. Furthermore, 
individuals with high IQs have thicker frontal cortices, 
although in both groups that thickness subsequently 
decreases slightly (Shaw, 2007). The prolongation of corti- 
cal development and the continuity in the fetal rate of cer- 
ebral growing during the postnatal period would have 
given rise to a cortical hypermorphosis, which may be 
related to higher intelligence. 

In the human brain, the fetal growth rate is retained, 
the stages of development prolonged, development 
delayed — and all of these are neotenic characteristics. 
Does the retention of juvenile characteristics into adult- 
hood also occur in the neurons of certain human cortical 
areas? The characteristics of infant neurons in certain 
cortical areas in mammals, and especially in primates, 
consist of an elevated neuronal metabolism and elevated 
synaptic plasticity and activity. In the human being, some 
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of these childhood characteristics appear to have been 
retained in certain neurons even after development has 
stopped. Synaptic plasticity in adult stages has been 
linked to learning and memory. We briefly describe the 
existing relationships between the two-related processes. 


LEARNING, MEMORY, AND SYNAPTIC PLASTICITY 


The study of different varieties of memory systems, 
from elemental forms of implicit memory in invertebrates 
and mammals to more complex forms of explicit memory 
based in the hippocampus, suggests that the key mecha- 
nism by which these different forms of memory are 
encoded, processed, and stored in the brain is modulated 
depending on the activity — both in terms of strength and 
structure — of specific synaptic connections. Short-term 
memory, which lasts only a few minutes, requires altera- 
tions in the effectiveness of pre-existing synaptic connec- 
tions, which are the result of covalent modifications of 
also pre-existing proteins. On the other hand, long-term 
memory requires changes in genetic expression, which 
induce the synthesis of new proteins and the growth of 
new synaptic connections (Miniaci et al., 2008). 

A large part of the new synaptic connections in adult 
mammals seem to be formed from dendritic spines. Den- 
dritic spines are small protrusions that receive the major- 
ity of excitatory synapses. In laboratory cultures, the 
spines grow to form synapses in response to synaptic stim- 
ulation. During development, the spines exhibit struc- 
tural plasticity depending on experience. In adults, new 
spines can appear in response to hormonal changes or sen- 
sory over-stimulation (Trachtenberg et al., 2002). Protein 
kinases like PKC and CaMKII play an important role in 
the formation of new dendritic spines (De Roo et al., 
2008). In mice, 65% of new postsynaptic spines of the 
somatosensorial cortex are transitory during development 
and appear and disappear within a period of a few days. 
During development, therefore, a high degree of synaptic 
turnover takes place. Although in adult neurons the 
spines are still dynamic, the spine turnover rate is much 
lower and 73% of the spines are stable within a period of 
several weeks (Miniaci et al., 2008). Despite this stability, 
there is evidence that experience can change the cerebral 
structure of adult mammals. Exposing rodents to an 
enriching environment increases the complexity of the 
dendritic ramifications and the number of synapses. In 
primates (Callithrix jacchus), a 1-month stay in a complex 
environment increased the density of dendritic spines as 
well as the length and complexity of the dendrites in neu- 
rons of the hippocampus and prefrontal cortex. Levels of 
expression of several synaptic proteins in those areas also 
increased. All of the animals studied were sexually 
mature. These works indicate that the brains of rodents 
and primates maintain a certain degree of plasticity in 
adulthood, although not as high as that of developing 
brains. Therefore, it is clear that structural processes typi- 
cally associated with cerebral development, like synapto- 
genesis, continue operating in the brains of adult mam- 
mals (Holtmaat et al., 2005; Kozorovitskiy et al., 2005). 

Learning induces the remodeling of neural circuits 
through de novo synaptogenesis or morphological changes 
that lead to increased synaptic connectivity and the 
appearance of new functional units such as dendritic 
spines, or the conversion of silent synapses into active 
synapses (Bruel-Jungerman et al., 2007). Neuronal 
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changes induced by learning are similar to the neuronal 
growth and differentiation process in a broad segment of 
the animal kingdom. These changes reflect the fact that 
environmental stimuli take advantage of development 
processes that are latent or inhibited in differentiated 
neurons. The synaptic changes associated with learning 
and memory storage in the adult brain reuse important 
mechanisms for the formation and adjustment of synaptic 
connections during the development of the nervous sys- 
tem (Bailey and Kandel, 2008). Did an increase in synap- 
tic plasticity occur in certain neurons during the evolution 
of the genus Homo, which did not take place in nonhuman 
primates? 


FUNCTIONAL AND STRUCTURAL NEURONAL CHANGES 
DURING THE EVOLUTION OF THE HUMAN BRAIN 


The cerebral cortex contains many different types of 
neurons, including projection neurons with long axons 
and neurons with short axons, which contribute to the 
make-up of local circuits. Projection neurons only reach 
functional maturity after axon myelination (Braak and 
Braak, 1996; Braak et al., 2006). The primary areas were 
the starting points of neocortical evolution, and in many 
mammals, these make up most of the neocortex. The pri- 
mary areas are those organized in the most complex man- 
ner, whereas first order or unimodal, association areas, 
and premotor areas are organized more simply, and poly- 
modal association areas are organized yet more simply. As 
the distance from the primary areas and the proximity to 
the allocortex increases (hippocampus, olfactory bulb, 
etc.), the structural immaturity of the association areas 
also increases (Arendt et al., 1998; Braak and Braak, 
1996; Braak et al., 2006). 

Myelination begins in the prenatal period, progresses in 
a specific sequence and continues into adulthood. It begins 
in the primary areas of the neocortex, continues in the 
premotor cortex and first-order association areas and 
finally takes place in the prefrontal cortex and heteromo- 
dal-association areas. As the distance from the primary 
areas grows, the average content of myelin gradually 
decreases (Yakovlev and Lecours, 1967). The last areas to 
myelinate are those of the anterior mesocortex, which 
remain poorly myelinated in the adult human. The meso- 
cortex is made up of the transition zones between the allo- 
cortex and the neocortex, which mature relatively late in 
primates and even more so in humans (Nieuwenhuys, 
1999). 

Cortical projection neurons with incompletely myelin- 
ated axons are chronically subject to a high-energetic 
turnover and, as a result, are more susceptible to the 
influence of oxidative stress (Braak et al., 2006). There- 
fore, there are relatively extensive areas of the human- 
cerebral cortex that remain structurally immature 
throughout our lifespan. During the evolution of primates, 
and especially of apes and humans, the size of these areas 
increased considerably (Braak et al. 2006). 

Many studies conducted in recent years have shown 
that the adult-human cerebral cortex has undergone an 
increase in the expression of genes related to aerobic me- 
tabolism and synaptic plasticity and activity. Genetic var- 
iants that induce increased-synaptic plasticity in our spe- 
cies also seem to have been selected. Researchers have 
documented the positive selection and accelerated evolu- 
tion of genes that intervene in the mitochondrial electron 
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transport chain in anthropoid primates and a higher 
expression of such genes in both chimpanzees and 
humans. The increase in the expression of genes related 
to aerobic metabolism is more pronounced in humans and 
is particularly clear in the anterior-cingulate cortex 
(Uddin et al., 2004). This suggests that the energetic-met- 
abolic pathways that support neuronal function in adults 
were modified during the evolution of the common ances- 
tors of chimpanzees and humans and that they underwent 
new modifications in our human ancestors. These modifi- 
cations indicate an increased functional activity and neu- 
ronal metabolic demand in both species (Uddin et al., 
2004, 2008). 

The neurotransmitter serotonin (5 HT) plays an impor- 
tant role in memory, learning, and other cognitive func- 
tions. Cortical serotonergic innervation in primates seems 
to be more complex and regionally heterogeneous than in 
other mammals. Drugs that increase serotonergic activity 
improve memory, attention span, and processing speed in 
rodents and macaques. Dysfunctions in the serotonergic 
system contribute to the onset of depression, obsessive 
compulsive disorders, anxiety disorders, and impulse con- 
trol disorders. To test whether humans have a unique pat- 
tern of serotonergic innervation in relation to other prima- 
tes, areas 9 and 32 of the prefrontal cortex and area 4 of 
the primary motor cortex were examined in macaques, 
chimpanzees, and humans. Area 9 is essential for working 
memory, which is a critical component in the capacity for 
language, while area 32 has been associated with cogni- 
tive capacities such as the theory of the mind. An increase 
in serotonergic innervation in the infragranular layers of 
the prefrontal cortex occurred during the evolution of 
humans and chimpanzees. The axons of these serotonergic 
neurons exhibit a spiral morphology (coils), which has 
been related to increased plasticity, suggesting evolution 
toward increased cortical plasticity, learning, and behav- 
ioral flexibility in these species (Raghanti et al., 2008). 

Comparing genetic expression in the cerebral cortex of 
humans, chimpanzees, and macaques through different 
independent techniques, changes in genetic expression in 
the human cortex were found to be attributable mainly to 
an increase in expression, and a large part of the genes 
that have increased their expression in humans are 
related to high levels of neuronal activity (Caceres et al., 
2003). General levels of neuronal activity and the meta- 
bolic processes related to it are unusually high in the 
adult human cerebral cortex compared with nonhuman 
primates. Increased expression has been documented in 
genes related to synaptic transmission such as SYN47; 
synaptic plasticity such as CAMK2A, which is involved in 
learning and memory; the release of synaptic vesicles 
such as ATP2B1; to axonal transport in microtubules like 
KIF3A; to energetic metabolism and lipid metabolism, and 
the synthesis and turnover of cellular membranes. An 
increase was also found in humans in the expression of 
genes related to cellular protection and to the encoding of 
chaperone proteins, which play a neuroprotective role in 
controlling protein folding. The elevated expression of 
genes related to energetic metabolism in the human-cere- 
bral cortex indicates that the general level of physiological 
activity in the adult-cerebral cortex is higher in humans 
than in chimpanzees or macaques. Despite the elevated 
neuronal metabolic rate in humans, the extraordinary 
longevity of H. sapiens may have promoted the selection 
of neuronal adaptations that allow such cells to function 
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for much longer than in other primates. Human beings 
have developed adaptations that allow them to maintain 
elevated levels of neuronal activity over a long-lifetime 
(Caceres et al., 2008). 

Several of the changes in genetic expression in the 
human-cerebral cortex are related to an increase in synap- 
tic plasticity. Many of the genes involved in this are also 
involved in cerebral development. The growth and main- 
tenance of neuronal extensions require the transport, by 
means of kinesins, of cytoskeleton and organelle proteins 
associated with the membrane (Morfini et al., 2001). Mito- 
chondria are found between the organelles associated 
with the membrane, which are transported by kinesins. 
The proteins transported by the kinesins include neurexin 
and neuroligin, both involved in the formation of new syn- 
apses. Kinesins facilitate the communication between 
genes and synapses and the over-expression of one of 
them, KIF17, has been found to improve spatial and work- 
ing memory in mice (Puthanveettil et al., 2008). The ma- 
chinery needed for releasing and recycling has to be 
assembled in the presynaptic terminals, but the proteins 
involved in these processes are synthesized in the cellular 
body and transported by kinesins to the appropriate loca- 
tion. Levels of the expression of kinesins change during 
cerebral development in rodents and their peaks of 
expression correspond to periods of growth and the elon- 
gation of neurites in certain areas (Morfini et al., 2001; 
Puthanveettil et al., 2008). The increase in the expression 
of kinesin-encoding genes in humans is probably related 
in part to an increase in synaptic plasticity. The increase 
in the expression of genes that encode the proteins 
involved in the synthesis and turnover of neuronal mem- 
branes may also be related to synaptic repair and remod- 
eling and the formation of new synapses. 

Thrombospondins are glycoproteins of the extracellular 
matrix that play a role in cellular adhesion, neurite 
growth, and the formation of synapses. Analyses of the 
expression of thrombospondin-encoding genes in humans, 
chimpanzees, and macaques show that thrombospondin- 
encoding genes 2 and 4 have significantly increased their 
expression in the human brain. The expression of the 
gene for thrombospondin 2 has doubled and that of the 
gene for thrombospondin 4 has increased sixfold in 
humans compared with chimpanzees and macaques. 
Increases in the expression of thrombospondins have led 
to increased-synaptic plasticity in humans, inducing 
higher synapsis density, higher synaptic turnover, and 
higher rates of neuritic growth (Caceres et al., 2007). 

Most of the regions of the genome that show an acceler- 
ated rate of substitutions in the human lineage, since the 
divergence from the common ancestor of humans and 
chimpanzees, are associated with genes related to tran- 
scriptional regulation and neuro-development. HARI has 
undergone the most changes and is part of a gene 
expressed during human-cortical development. In the 
adult brain, HAR1 is expressed in the frontal cortex, hip- 
pocampus, thalamus, and hypothalamus. HAR1 seems to 
influence the expression of reelin, a protein of the extrac- 
ellular matrix (Pollard et al., 2006). 

Reelin plays a role in the cortical development of the fe- 
tus and, in adulthood, in synaptic plasticity. The increase 
in the expression of reelin was a key element, which gave 
rise to the increased cortical development that occurred 
during the evolution of mammals (Aboitiz et al., 2002; Bar 
et al., 2000). Whereas, the brains of most adult mammals 


American Journal of Human Biology 


734 


express reelin only in GABAergic interneurons, especially 
in the dendritic spines, in primates, it is also expressed in 
pyramidal neurons, and in humans, the expression of 
reelin has even been found in glial cells (Roberts et al., 
2005). The distribution of reelin is much more widespread 
in the brains of adult primates than in any other mammal 
studied to date. All the data point to a relationship 
between reelin and the modulation of synaptic plasticity 
in the adult. This modulator role is remarkably distinct in 
the primate brain (Martinez-Cedefio et al., 2002). The 
expression of reelin seems to have increased in direct rela- 
tion to cerebral complexity: the more complex the brain, 
the more cortical cerebral cells that contain reelin. 

In humans, alleles have also been selected, which 
among other functions, seem to increase synaptic plastic- 
ity. These include allele e® of the apolipoprotein E, which 
interacts with reelin, modulating plasticity, and playing 
an important role in the formation of long-term memory 
(Bufill and Carbonell, 2006). The human variant of the 
gene FoxP2 experienced positive selection during human 
evolution and all indications suggest that this is due to its 
capacity to improve linguistic ability. In transgenic mice, 
it has been shown that the human form of the gene FoxP2 
increases synaptic plasticity of the spiny neurons of the 
striate and dendritic connections in cortico-basal circuits 
(Enard et al., 2009). In reptiles, basal ganglia are associ- 
ated with motor control. They regulate motor control in 
humans too, but they are also involved in cognitive capa- 
bilities, such as working memory, visual memory, and 
verbal memory. The human variant of FoxP2, which has 
been fixed in the last 200 kyrs, can increase synaptic plas- 
ticity and the connectivity of basal ganglia, which in turn, 
can increase cognitive flexibility, creating the potential for 
language and creativity. Synaptic plasticity is essential to 
the neuronal encoding and processing of information and 
allows the formation of new associations and patterns of 
behavior (Lieberman, 2009). 

High degrees of synaptic plasticity and activity in the 
adult human brain seem to have been retained through 
an increase in the expression of certain genes, many of 
which are related to cerebral development and, to a lesser 
extent, through the positive selection of certain genetic 
variants. This increased genetic expression in humans 
that has not occurred equally in all areas of the brain: in 
the anterior cingulate cortex, there is a higher expression 
than in the visual or primary motor cortices, which exhibit 
very few differences between them, and in the cortical 
areas of association, this increased expression is higher 
than in the primary areas or in phylogenetically older 
structures, such as the caudate nucleus or the cerebellum 
(Khaitovich et al., 2004). Changes in genetic expression 
occur due to modifications in transcription-coding sequen- 
ces, DNA methylation, replacements in nucleotides, inser- 
tions and deletions in promoter regions or other regula- 
tory regions, genetic duplications, and the reorganization 
of chromosomes (Preuss et al., 2004). 

Analyses were recently conducted on the levels of 
genetic expression of 7,958 genes in the brains of humans, 
chimpanzees, and macaques during the postnatal-devel- 
opment period. The study focused on maturation in the 
prefrontal cortex and caudate nucleus. The prefrontal cor- 
tex is the last region to mature during ontogeny, whereas, 
the caudate nucleus matures relatively early. It was found 
that in human beings, 2,979 genes are expressed differ- 
ently between the two regions and that 58% of those 
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matured more slowly in the prefrontal cortex than in the 
caudate nucleus. In different regions of the human pre- 
frontal cortex, such as the superior and dorsolateral fron- 
tal gyrus, the number of neotenic genes, i.e., genes whose 
expression in humans correspond to that of young chim- 
panzees, was double that of neotenic genes in chimpan- 
zees. Adult human beings were found to be similar to juve- 
nile chimpanzees in terms of their cerebral genetic expres- 
sion profiles. Neotenic changes only affected a limited 
group of genes expressed in the brain and not in the com- 
plete cerebral transcriptome, which suggests mosaic evo- 
lution and indicates that neotenic genes tend to be related 
to cerebral growth and development. Differences in the 
cerebral genetic expression between humans and chim- 
panzees are relatively small at birth, but subsequently 
increase. The tendency toward neoteny in humans is par- 
ticularly prominent during the early phases of adoles- 
cence, a period of substantial cortical reorganization 
(Somel et al., 2009). 

Brain-glucose metabolism is mainly used to supply 
energy by means of oxidative phosphorylation. When glu- 
cose metabolism exceeds that used in oxidative phospho- 
rylation, in the presence of oxygen, aerobic glycolysis 
takes place. Aerobic glycolysis is involved in cell prolifera- 
tion, and in the brain, it may be related to cell develop- 
ment in fetuses and newborns and to activity-dependent 
synaptic changes in adults. In synapses, aerobic glycolysis 
is associated with the flow of glutamate and Na+ to the 
astrocytes and with the regulation of the turnover of the 
AMPA receptor in the postsynaptic area of the dendritic 
spines by means of the Na+/K+-ATPase pump, as well as 
with the biosynthesis of proteins, lipids, and nucleic acids. 
Cerebral aerobic glycolysis represents 35% of the glucose 
used in the brains of newborns, while in adults, it repre- 
sents 11% in sleeping subjects and 19% in awake individu- 
als (Vaishnavi et al., 2010). As discussed in more detail 
below, recent findings show that certain association areas 
in the human brain retain elevated levels of aerobic gly- 
colysis in adulthood, which suggests the possibility that 
elevated synaptic activity and plasticity persist in these 
areas in later stages of life (Buckner et al., 2008; Vaish- 
navi et al., 2010). 

Aerobic glycolysis in the adult human brain, which 
seems to be related to an increase in synaptic activity and 
plasticity, is significantly elevated in certain areas of the 
cortex of association related to cognitive functions, which 
have undergone considerable modification during the evo- 
lution of the human species. A significant increase in aero- 
bic glycolysis has been detected in the dorsolateral pre- 
frontal cortex, which is associated with working memory, 
and in a group of areas that make up the brain’s default- 
mode network, which display elevated activity when the 
individual is at rest and not engaged in any purposeful ac- 
tivity. These areas are the ventromedial prefrontal cortex, 
the dorsomedial prefrontal cortex, the posterior cingulate 
cortex, the inferior parietal lobe, the lateral temporal cor- 
tex, and the hippocampus and surrounding areas 
(Buckner et al., 2008; Vaishnavi et al., 2010). They include 
areas 9 and 32, which have undergone evolutionary 
changes in the serotoninergic innervations that very 
likely led to increased-synaptic plasticity (Raghanti et al., 
2008) and prefrontal area 10, which in humans is rela- 
tively large compared with the homologous area in the 
great apes and has a higher number of connections with 
other areas of association (Semendeferi et al., 2001). An 
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increase in activity has also been detected in areas of the 
chimpanzee brain that would correspond to the brain’s 
default network in humans, but whether an increase in 
aerobic glycolysis takes place in those areas is unknown 
(Rilling et al., 2007). Using functional connectivity analy- 
sis, homologous regions have also been discovered in the 
brain’s default-mode network of the brain of the macaque, 
including the cingulate cortex, the inferior parietal lobe, 
the hippocampus and the parahippocampal region, the 
superior temporal gyrus, and the prefrontal cortex (Vin- 
cent et al., 2007). It is not known if the increase in synap- 
tic activity and plasticity which occurs in the human 
brain’s default network is a specialization of the brain of 
H. sapiens or if it also occurs in other primate species. 
Since human cerebral metabolism is far greater than in 
other primate species and the brain’s default-mode net- 
work is located among the areas in which the greatest me- 
tabolism is observed, it seems likely that the increased- 
synaptic plasticity that occurs in this area would be 
greater in humans than in nonhuman primates, which 
would therefore, constitute human specialization. How- 
ever, this hypothesis can only be confirmed by subsequent 
studies. 

The increase in metabolism of the human brain may be 
partially explained by the increase in brain size and the 
consequent increase in the length of neuronal extensions. 
However, the fact that this increase is more pronounced in 
certain areas of the brain, regardless of the length of the 
neuronal extensions and the increase in the expression of 
genes related to synaptic activity and plasticity in certain 
areas of the human cerebral cortex, suggest that these 
areas have given rise to increased gene expression, which 
would have led to an elevated capacity for learning and 
memory in adulthood. 

Neurons belonging to certain areas of the human cere- 
bral cortex exhibit a higher metabolism and a higher 
degree of synaptic plasticity and activity in adulthood 
than the cortical neurons of other mammals, including 
nonhuman primates. So it appears that human neurons 
belonging to particular association areas retain juvenile 
characteristics throughout adulthood, which suggests 
that a neuronal neoteny has occurred in H. sapiens, which 
allows the human brain to function, to a certain degree, 
like a juvenile brain during adult life. 


POSSIBLE SELECTIVE PRESSURES RESPONSIBLE FOR 
NEURONAL NEOTENY 


The human adaptation to the “cognitive niche” (Barret 
et al., 2007; Tooby and De Vore, 1987) may have been one 
of the selective pressures that led to neuronal neoteny. 
The language and symbolic culture characteristic of H. 
sapiens imply the dependence on learning and memory 
throughout our lives. This, in turn, requires an increase 
in synaptic plasticity, which may have given rise to a 
strong-selective pressure that favored both an increase in 
genetic expression and the selection of alleles capable of 
improving that plasticity (Bufill and Carbonell, 2006). The 
gene—culture coevolution may have played an important 
role in human cerebral evolution (Lumsden and Wilson, 
1981, 1983). Neuronal neoteny may have resulted from 
that gene—culture coevolution. 

Neuronal neoteny in H. sapiens is still an exaggeration 
of tendencies already observed in nonhuman primates 
and especially in the great apes. Nonhuman primates had 
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to adapt to an arboreal environment and a relatively com- 
plex social life, which fostered an improved ability to store 
and process information. This brought with it a larger 
brain and higher intelligence, which resulted in decreased 
fatalities at the hands of predators, a longer period of de- 
velopment, and a longer lifespan — tendencies that are 
accentuated in the great apes, which have larger brains 
and live longer lives than monkeys, and especially in H. 
sapiens due to the cognitively demanding niche to which 
our species had to adapt (Kaplan and Robson, 2002). Neu- 
ronal neoteny contributes to increasing information stor- 
age and processing capacities throughout life, which is 
why it was selected during primate evolution and, to a 
much greater extent, during the evolution of the genus 
Homo. 

In H. sapiens, adults of a relatively advanced age whose 
memories functioned as living repositories of information 
may have been useful for the successful adaptation to the 
increasing-cultural complexity that took place during the 
Paleolithic, and especially after the Upper Paleolithic. 
Through a feedback process, growing cultural complexity 
would have increased the chance for survival of individu- 
als of a relatively advanced age, who were responsible for 
the transmission of information from generation to gener- 
ation (Caspari and Lee, 2004; Rosenberg, 2004). The si- 
multaneous increase in intelligence and longevity were a 
possible consequence of the adaptation of H. sapiens to the 
“cognitive niche,” which required the prolongation of the 
period of development and the preservation of juvenile 
characteristics in adulthood in certain neurons belonging 
to the cortical areas that evolved most during human evo- 
lution: the areas of association. 

The recent finding of an increase in aerobic glycolysis 
and, therefore, in synaptic activity and plasticity in the 
dorsolateral prefrontal cortex and in the brain’s default 
network, however, suggests that other selective pressures 
may have also influenced the retention of juvenile neuro- 
nal characteristics in the human species. The dorsolateral 
prefrontal cortex is related to working memory, whereas 
the brain’s default network is related to autobiographical 
memory, planning, and functions related to social interac- 
tion and navigation, such as the theory of the mind and 
moral decision-making (Buckner et al., 2008; Vaishnavi 
et al., 2010). It is therefore possible that the increase in 
working memory, social complexity, and the need to plan 
future behavior had as much or more influence on the de- 
velopment of neuronal neoteny as did culture. 


NEURONAL NEOTENY AND BRAIN VULNERABILITY 


The increase in the aerobic metabolism occurring in 
human neurons that retain certain juvenile characteris- 
tics in adulthood, such as incomplete myelination or ele- 
vated synaptic activity and plasticity, can make these neu- 
rons more likely to exhibit greater oxidative stress with 
age, and can make them more vulnerable to that stress. 
This may contribute to the development of exclusively or 
predominantly human neurodegenerative diseases such 
as Alzheimer’s or frontal dementia. Actually, the distribu- 
tion of the B-amyloid brain plaques is almost coincident 
with the brain’s default network. This strongly suggests 
that the elevated-synaptic plasticity and activity enhances 
the development of the abnormal peptide deposits, which 
are characteristic of Alzheimer’s disease, each case being 
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dependent on _ inter-individual metabolic efficiency 
(Buckner et al., 2008; Vlassenko et al., 2010). 

After the age of 40, a considerable reduction in the corti- 
cal expression of certain genes takes place in humans, 
especially in those related to synaptic plasticity, vesicular 
transport, and mitochondrial function (Lu et al., 2004). In 
other words, relatively reduced expression occurs in genes 
related to learning and memory, whose activity increased 
during human cerebral evolution. Meanwhile, other 
genes, in general, those with neuroprotective functions, 
increase their expression with age. There is a great inter- 
individual variability in this decrease in genetic expres- 
sion. The decrease in expression occurs, most of all, in the 
cortical areas of association and hardly ever in the pri- 
mary areas, the cerebellum, or other phylogenetically 
older cerebral areas. It also seems that the decrease in 
expression of these genes does not occur in chimpanzees 
or in other nonhuman primates. Given that the decrease 
in genetic expression occurs in the cortical areas with the 
highest metabolism, and that oxidative stress has been 
shown to cause selective damage in the promoter region of 
these genes in neuronal cultures, oxidative stress brought 
on by an elevated metabolism is very likely the cause of 
the decrease in the expression of the genes related to 
learning and memory that human beings undergo as they 
age (Lu et al., 2004; Fraser et al., 2005). Alzheimer’s dis- 
ease is practically exclusively human, with the only excep- 
tion being a case detected in a domestic chimpanzee of 
advanced age (Rosen et al., 2008), although nonhuman 
primates and some carnivores have been found to exhibit 
cerebral lesions in old age that may prove to be a form of 
incomplete Alzheimer’s (Cork et al., 1988; Erwin et al., 
2001; Gearing et al., 1994, 1997; Head et al., 2001; Poduri 
et al., 1994; Price, 1993; Walker, 1993). 

Multiple lines of evidence have shown that oxidative 
stress is not only always associated with Alzheimer’s dis- 
ease but also it is one of the first events that occurs in the 
onset of the disease (Shi and Gibson, 2007; Su et al., 
2008). In fact, the lesions common to the disease initially 
appear in the incompletely myelinated neurons of the lim- 
bic system, which are related to memory and learning, 
and of the cortex of association and only in the last phases 
of the disease are the highly myelinated neurons of the 
primary areas affected and, even then, they are affected to 
a much-lesser extent. These incompletely myelinated neu- 
rons exhibit a high metabolism and an increased tendency 
toward oxidative stress with age (Braak and Braak, 1996; 
Braak et al., 2006). Oxidative stress seems to be capable of 
inducing hypermethylation in the promoter region of dif- 
ferent genes, including those related to synaptic plasticity. 
Many of the genes associated with Alzheimer’s disease are 
involved in such plasticity (Forero et al., 2006) and many 
studies have suggested that the decrease in the expression 
of genes related to neuroplasticity may induce the hyper- 
phosphorylation of tau and the B-amyloid deposits charac- 
teristic of the disease (Patrick et al., 1999; Saura et al., 
2004). Hypermethylated genes seem to be more suscepti- 
ble to the toxic action of the peptide B-amyloid (Zawia 
et al., 2009), which may create a feedback mechanism that 
would accelerate the deposit of abnormal peptides com- 
mon to Alzheimer’s disease. 

A recent study suggests that an excessive increase in 
synaptic activity may be one of the most important factors 
in the regulation of the production and secretion of B-amy- 
loid in the interstitial fluid of the brain (Bero et al., 2011). 
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In the study, the whiskers of transgenic mice which pro- 
duce B-amyloid plaques with age and whose barrel cortex 
had been previously studied were unilaterally hypersti- 
mulated. The results suggest that factors that elevate en- 
dogenous neuronal activity during prolonged periods 
accelerate the deposit of B-amyloid. At rest, the brain’s 
default-mode network in human carriers of the allele 
ApoE ¢4—who are at greater risk of developing Alzhei- 
mer’s—has been shown to be more active compared with 
noncarriers of the allele. The elevated-synaptic activity 
and plasticity of the brain’s default-mode network in 
humans may make this system more prone to the develop- 
ment of the lesions commonly associated with Alzheimer’s 
disease (Bero et al., 2011; Walker and Jucker, 2011). Neu- 
ronal neoteny may have given rise to an increase in oxida- 
tive stress, which, in some individuals, has led to the de- 
posit of the abnormal peptides characteristic of Alzhei- 
mer’s disease. The great apes are long-living animals 
that, although to a lesser degree than humans, also have 
increased neuronal metabolism, which is why they too 
may occasionally develop the disease. 

Frontal dementia, another exclusively human disease, 
is associated in its initial phases with the severe, selective 
affectation of the spindle or von Economo neurons of the 
anterior-cingulate cortex and the frontoinsular cortex, 
another important node in the default network. These 
cells are exclusive to human beings, chimpanzees, bono- 
bos, gorillas, and orang-utans, although similar neurons 
have been found in some cetaceans and in elephants. They 
probably play a role in social and emotional conduct. Von 
Economo cells in H. sapiens are larger and more numer- 
ous than in the great apes. In humans, these cells are not 
detected until after birth, they mature slowly and late and 
do not reach adult values until 4 years of age (Seeley 
et al., 2006). The delayed development of these neurons 
and of the anterior-cingulate cortex (one of the areas of 
the brain that in humans has a higher metabolism and 
therefore is more susceptible to oxidative stress), suggests 
that neuronal neoteny may be the cause of humans’ 
unique propensity for developing frontal dementia. 

Schizophrenia is another disease that is apparently 
unique to humans, with onset generally occurring in late 
adolescence. One of the more noteworthy negative symp- 
toms of the illness is the loss of neotenic psychological 
characteristics such as curiosity and the ability to learn in 
adulthood. Patients exhibit apathy, a lack of curiosity and 
motivation, a lack of behavioral flexibility, and a signifi- 
cant decrease in learning ability (Bemporad, 1991). Many 
studies have found a decrease in the expression of reelin, 
a protein related to synaptic plasticity, in the hippocam- 
pus and prefrontal and temporal cortices of schizophrenic 
patients (Eastwood and Harrison, 2006). The brain’s 
default-mode network has also been found to have abnor- 
mal activation and connectivity in schizophrenic patients 
(Garrrity et al., 2007; Harrison et al., 2007). The default- 
mode network of these patients seems to be hyperactive in 
certain areas, such as the posterior-cingulate cortex, and 
hypoactive in others, such as the prefrontal cortex, the an- 
terior-cingulate cortex, and the parahippocampal region. 
This results in changes in the connectivity of this system 
with other cerebral networks and alterations in the com- 
munication of the default mode with other areas of the 
brain. The dysfunction of the default mode may also cause 
hyperactivity in other areas of the brain, which could 
interfere with normal thought processes, leading to the 
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delirium, hallucinations, and attention deficits that char- 
acterize the illness (Garrity et al., 2007). 

Some primarily or exclusively human neurodegenera- 
tive diseases or neurodevelopment disorders may be, in 
part, the result of the retention of juvenile characteristics 
in adulthood in certain neurons associated with learning, 
memory, and other complex cognitive functions. 


CONCLUDING REMARKS 


The adult human cerebral cortex has undergone an 
increase in the expression of genes related to aerobic me- 
tabolism and synaptic plasticity and activity compared 
with those of nonhuman primates. This increased expres- 
sion has been mainly caused by changes in the promoter 
region of these genes, many of which are involved in cere- 
bral development. Alleles capable of inducing increased 
neuroplasticity have also been selected in humans and the 
cortical expression of neuroprotectors has also increased. 
The comparison of cortical genetic expression between 
humans and chimpanzees shows that adult humans are 
similar to juvenile chimpanzees in terms of their cerebral 
genetic expression. Changes in genetic expression are 
especially clear in the prefrontal and temporoparietal 
areas of association and in the anterior-cingulate cortex. 
Human beings have developed adaptations that allow 
them to maintain elevated levels of synaptic plasticity and 
activity over a long-lifetime. Certain human neurons 
belonging to the areas of association or related to memory, 
planning future actions, and social interactions retain ju- 
venile characteristics throughout adulthood, which sug- 
gests that in H. sapiens a neuronal neoteny has occurred. 
In other words, pedomorphic characteristics have been 
retained. Many different factors could have acted as selec- 
tive pressures leading to neuronal neoteny. Because of the 
adaptation of humans to our cognitive niche and the im- 
portance of language and symbolic culture, the gene—cul- 
ture coevolution may have played a role both in the delay 
of development and in the retention of juvenile neuronal 
characteristics in adulthood. Social complexity could have 
been another significant selective pressure. 

In mammals, most learning takes place during the de- 
velopment stage. Learning requires morphological 
changes in neuronal connections or synapses—changes 
which include everything from remodeling to the forma- 
tion of new synapses. The potential for these changes to 
occur is known as synaptic plasticity. These processes also 
take place in adult mammals, albeit to a much lesser 
degree. The genus Homo evolved in a demanding cognitive 
niche and H. sapiens depends on the transmission of cul- 
ture through language, which made the human brain into 
a living repository of knowledge during most of our evolu- 
tion. Due to the importance that learning and memory 
have taken on in human beings, some authors have sug- 
gested the possibility that certain neurons or cerebral 
areas retain juvenile characteristics, which would permit 
increased-synaptic plasticity and activity in adulthood. 
Moreover, an increase in the social complexity and the 
need for an extended planning and working memory may 
have played a more relevant role than pure cultural fac- 
tors in this increase of synaptic plasticity. 

The increased-synaptic plasticity might explain, in 
part, how the functional superiority of the human brain 
has been achieved without a comparable increase in the 
informational content of the genome of our species. 
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In all mammal species studied, cortical neurons exhibit 
elevated synaptogenesis, synaptic activity, and dendritic 
reorganization during development, as well as an 
elevated metabolism. The cerebral cortices of children 
are characterized by increased neuronal metabolism 
and synaptic activity and plasticity compared with 
those of adults. The peak period of synaptogenesis 
seems to be much longer in humans than in other 
mammals. The deceleration of cerebral development has 
also occurred in nonhuman primates, especially in the 
great apes, but this characteristic is accentuated in 
H. sapiens. Certain areas of the human brain such as 
the areas of association, which have undergone a 
considerable increase in size during the evolution of 
primates and especially of humans, are structurally 
immature in adulthood and their neurons are incom- 
pletely myelinated. The neurons in these areas, there- 
fore, retain pedomorphic characteristics in adulthood. 

The increase in aerobic metabolism that took place in 
the human beings become older and may contribute to 
the development of exclusively or primarily human neuro- 
degenerative and neurodevelopmental diseases such as 
Alzheimer’s, frontal dementia, and schizophrenia, which 
may be the price our species pays for our elevated 
cognitive capacity, our longevity, and our advanced-social 
intelligence. 
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